Abstract Arctic sea ice is a keystone indicator of greenhouse-gas induced global climate change, which is expected to be amplified in the Arctic. Here we directly compare observed variations in arctic sea-ice extent and CO 2 since the beginning of the 20th century, identifying a strengthening linkage, such that in recent decades the rate of sea-ice decrease mirrors the increase in CO 2 , with r ~ -0.95 over the last four decades, thereby indicating that 90% (r 2 ~ 0.90) of the decreasing sea-ice extent is empirically "accounted for" by the increasing CO 2 in the atmosphere. The author presents an empirical relation between annual sea-ice extent and global atmospheric CO 2 concentrations, in which sea-ice reductions are linearly, inversely proportional to the magnitude of increase of CO 2 over the last few decades. This approximates sea-ice changes during the most recent four decades, with a proportionality constant of 0.030 million km 2 per ppmv CO 2 . When applied to future emission scenarios of the Intergovernmental Panel on Climate Change (IPCC), this relationship results in substantially faster ice decreases up to 2050 than predicted by IPCC models. However, departures from this projection may arise from non-linear feedback effects and/or temporary natural variations on interannual timescales, such as the record minimum of sea-ice extent observed in September 2007. Keywords: CO 2 increase, ice decrease, ice projection to 2050 Citation: Johannessen, O. M., 2008: Decreasing arctic sea ice mirrors increasing CO 2 on decadal time scale, Atmos. and Oceanic Sci. Lett., 1,[51][52][53][54][55][56] 
Introduction
Sea-ice extent (i.e., area enclosed within the ice-ocean margin) is a widely used and well-constrained metric for summarizing the state of the climate system. During the nearly three decades of satellite measurements, consensus estimates of annual and summer sea-ice decreases for the Arctic are about 3%-4% and 7%-9% per decade, respectively (Johannessen et al., 1999 and Comiso, 2002; Comiso et al., 2008; Serreze et al., 2007; . Furthermore the CO 2 has increased by about 30% while the annual ice extent has decreased by about 18% since 1900 (Fig. 1a) . This implies that the increasing CO 2 and other greenhouse gas (GHG) forcing may play a major role in diminishing the sea ice cover, a hypothesis qualitatively supported by multi-model comparisons of sea-ice response to increasing GHGs IPCC, 2007; Serreze et al., 2007; . However the question remains how to quantify the degree to which sea ice is related to CO 2 forcing versus natural variability.
It is well known that natural variability on seasonal, interannual and decadal timescales plays a significant role in changes in the ice cover. For example, during the early 20th-century warming event, Russian observations of annual sea-ice extent covering 77% of the Arctic region showed a reduction of 0.6×10 6 km 2 from 1915-35, concurrent with an increase of 2.3ºC in surface air temperature (SAT) in the latitude band 70-90ºN during the same period (Fig. 5 in Johannessen et al., 2004) . This early warming event was most likely caused by the natural multidecadal fluctuations arising from the Atlantic Ocean , including stronger westerlies and advection of warmer water into the Barents Sea, thereby reducing the ice extent and causing increased heat flux into the atmosphere as a positive feedback process .
A more recent but opposite event was the large increase of 1.4×10 6 km 2 in sea-ice extent occurring during the summer of 1996, probably caused by an extreme temporary reversal of the North Atlantic Oscillation (NAO) in the winter of 1995/96, which lowered the SAT, thereby freezing more sea ice (Fig. 3 in Johannessen et al., 2004) .
In the most recent years (2000-07) record lows in the September sea-ice extent minima have been observed (e.g., Serreze et al., 2003; Johannessen et al., 2004; Rigor et al., 2004; Stroeve et al., 2005 Stroeve et al., , 2006 Stroeve et al., and 2008 Maslanik et al., 2007; Meier et al., 2007; Comiso et al., 2008) . The record thus far was observed in mid September 2007, with an abnormal decrease in the western and central sector of the Arctic Ocean resulting in a minimum sea-ice extent of 4.1×10 6 km 2 , or 24% lower than the previous record low of 5.4×10 6 km 2 reached in September 2005 and about 37% lower than the September 1979-2007 satellite climatological average (Comiso et al., 2008) . Comiso et al. (2008) also concluded that "satellite surface temperature data indicate that the growth of sea ice was likely hindered and the retreat likely enhanced by anomalously high temperature in previous months, especially in February and April 2007. Southerly winds, which advect warm air from lower latitudes, were prevalent during the summer, and this is also likely to have en-hanced the ice retreat, through northward transport of the sea ice, lessened ice growth and increased melt", while Stroeve et al. (2008) also pointed to other factors such as the thinning ice pack and unusually clear skies during the summer months of 2007.
A reasonable interpretation of the record low sea-ice extent in September 2007 is that it is probably another example of a natural variability, however caused by a mechanism other than the Atlantic-driven warming event between 1915-35 and the NAO event in 1996-both described above. The record low in September 2007 can possibly be explained by the Overland and Wang (2005) mechanism that "internal processes in the western Arctic may have a larger role in shaping the present persistence of the Arctic change than has been previously recognized during recent years when the Arctic Oscillation (AO) has been near-neutral." One should also note that after the minimum ice extent in September 2007, the ice extent rebounded rapidly to a winter maximum in March 2008 that was actually higher than in the previous four years 1 . Therefore we can reasonably expect similar, strong natural variability events in the future, causing both decreases and increases of the arctic sea-ice cover on seasonal to decadal time scales, superposed on the general trend of a decreasing ice cover projected by IPCC models (IPCC, 2007) .
Sea-ice variability is complex, dependent on both dynamic and thermodynamic factors-e.g., SAT, downwelling radiation, albedo effects, ocean heat flux and atmospheric heat transport (Rothrock et al., 1999; Comiso et al., 2008 )-which are enforced through both radiative and advective processes in both the atmosphere (e.g., Stroeve et al., 2008) and ocean (e.g., Steele et al., 2008) . The complexity of these factors, linkages and feedbackswhich moreover span across a range of time scalesconfounds attribution of the observed changes in sea ice. Even advanced, state-of-the-art, numerical models struggle to accurately represent the natural spatial and temporal variability in sea ice (IPCC, 2007; , let alone its GHG response and feedback processes. The acknowledged mismatch between models and observations is underlain by two different error sources: 1) Response of sea ice to anthropogenic increases in GHGs, and 2) Natural variability of sea ice, e.g., related to the NAO/AO/Northern Annular Mode (NAM) and other atmospheric-ocean circulation patterns (e.g., Overland and Wang, 2005; Maslanik et al., 2007; Serreze et al., 2007; Stroeve et al., , 2008 Comiso et al., 2008) including the aforementioned Atlantic-driven multidecadal fluctuations Zhang et al., 2007) . Another reason for the more rapid decrease of the summer ice than the coupled models predict could be the change of the albedo due to increasing soot on the snow and ice (Flanner et al., 2007; McConnell et al., 2007) .
For these reasons, the challenge remains to (1) Estimate how much of the observed sea-ice losses are effecttively caused by CO 2 increases, and (2) Develop a simple alternative to the complex physics-based models which underestimate the sea-ice response to observed CO 2 increases . Therefore, here we put forth a straightforward approach of directly comparing CO 2 and sea-ice extent in order to estimate the empirical relationship, thereby providing an integrated generalization of the effective CO 2 signal for arctic sea ice, and a pragmatic alternative to estimate the sea-ice response to future increases in CO 2 . The latter is analogous to the Rahmstorf approach to projecting changes in sea level through the 21st century (Rahmstorf, 2007a) , and not merely an extrapolation of observed sea-ice trends (e.g., Comiso, 2002; Meier et al., 2007) .
Empirical relationship between carbon dioxide and sea ice

Estimating the bivariate relationship
Here, we develop an empirical relationship that quantifies changes in annual sea-ice extent with atmospheric CO 2 concentrations as the driver. Physically, such a simple relationship using an indirect driver is justified in that atmospheric CO 2 and other GHGs affect air temperature, ocean temperature, cloudiness, and atmospheric and ocean circulation-each of which may impact the sea-ice cover through complex processes and feedbacks that moreover have varying seasonal-dependencies and are beyond comprehensive modeling capabilities. Therefore, we directly compare annual observational data of CO 2 (ppmv) and ice extent (15% concentration) through the 20th and early 21st centuries, enabling us to quantify the degree to which the sea-ice decrease may reflect CO 2 increases. In section 3, we use this relationship to project sea-ice extent to 2050 under two different IPCC emissions scenarios, and compare our results with an ensemble of 15 IPCC models (IPCC, 2007) .
Annual values for CO 2 concentration (IPCC, 2007) and sea-ice extent since 1900 are compared in Fig. 1a . For the period 1900-78, we have used the annual values of sea-ice extent from the Walsh and Chapman "Northern Hemisphere Sea Ice Data Set" retrieved directly from their webpage 2 .We have merged this with sea-ice extent data from satellite passive-microwave data 3 using the NORSEX algorithm (Svendsen et al., 1983 ) updated through 2007 after Johannessen et al. (2004) . The NORSEX retrievals were adjusted by 0.33×10 6 km 2 based on an overlap period from 1979-83 with the Walsh and Chapman data, in order to have consistent time series. Furthermore, Walsh and Chapman note on their website that "the pre 1953 data is either climatology or interpolation data and the users are cautioned to use this with care". We have followed this advice and base our analysis primarily on data after 1953. However in order to see if there was a general link between the CO 2 and ice extent, we plotted the data for the 1900-2007 period in Fig. 1a . Sea-ice variability on interannual to decadal time scales is inherently greater than for the CO 2 variability (Fig. 1a) . As mentioned before, some of the sea-ice variations before 1953 are probably not accurate. Nevertheless, common for sea ice and CO 2 are a gradual decrease and increase, respectively, which to a large extent mirror each other, particularly in the last few decades. However it is clearly evident (Fig. 1a) that the decreasing summer minima have lowered the annual means of the ice extent more rapidly for the last three years compared with previous years. To identify how this correlation varied through the period starting from 1954, we computed the running correlation using a 30-year embedding window according to meteorological standard period. From the 30-year period starting from 1961, the correlation varied between -0.85 to -0.95 with a nearly constant slope of -0.03 for the regression line. This indicates that the correlation and slope are robust during this period. We therefore also computed the correlation and regression for the whole period from 1961 through 2007 with the following results: The change in sea-ice extent (10 6 km 2 ) per unit CO 2 (ppmv) is -0.030 CO 2 , with a correlation r = -0.95 and r 2 = 0.90, which can be interpreted that approximately 90% of the decreasing sea-ice extent may be "accounted for" by the increasing atmospheric CO 2 concentration over the last four decades.
However it should also be mentioned that the increasing CO 2 is a major driver for the observed increase in global mean SAT (IPCC, 2007) enhanced in the Arctic region (e.g., Johannessen et al., 2004; Bengtsson et al., 2004; Kuzmina et al., 2008) , which again is one of the major physical variables that melts ice. Correlation analysis between the annual mean zonal SAT from 70 o to the North Pole (Kuzmina et al., 2008) and the annual values for the ice extent for the same period resulted in a correlation of r = -0.80, r 2 = 0.64, implying that about 60% of the ice decrease could be accounted for by SAT alone. This can be interpreted that the SAT is one of the major physical variables that directly influences the melt and the decreasing ice extent.
Because CO 2 and SAT are not independent variablesthe correlation between them for the 1961-2007 period is r = 0.76-both of them cannot meaningfully be used simultaneously as predictors in a multiple-regression analysis for the decreasing ice extent (predictand). Therefore the higher correlation, r = -0.95, between ice extent and CO 2 , which also integrates other processes in addition to the SAT, is used here for further study.
Significance of the relationship
For the case of two time series consisting mainly of a constant trend plus superimposed variability in only one (sea-ice extent) series, but not the other (CO 2 ), it is challenging to assess correlation in the purely statistical sense. Here, the estimated correlations are significant (p < 0.01), not adjusted for the inherent autocorrelation in CO 2 and sea ice. There are different points-of-view on autocorrelation and its effect on the significance of the cross-correlation (e.g., Rahmstorf, 2007a, b; Schmith et al., 2007) . Whether an analysis with trend or after removal of a trend is more meaningful depends on the purpose of the analysis. In our case, the mirroring trends of CO 2 and arctic sea ice are the most striking aspect of the data-indeed the basic idea stems from these features, Fig. 1a . Here, our goal is an empirical projection based on fitted relationships, comparable to the temperature and sea-level relationship developed and applied by Rahmstorf (2007a) therefore, the form and slope of the relationship are of primary interest rather than classical hypothesis testing.
Nonetheless, we further tested this relationship by splitting our time series in two parts, in order to see how well the results from the first half fit the second half. In Fig. 1b we have plotted the first half of the data (blue line, blue points) and the second half of the data (red line, red points), together with the regression line (green) for the whole period. The correlation for the first half of the data (blue) was -0.85 with a slope of -0.033 while the correlation for the second half (red) was -0.90 with a slope of -0.033. This implies that result from the first half of the time series can "reproduce" the second half of the time series and furthermore that the relationship is robust.
As mentioned above, the green regression line in Fig.  1b is for the whole period ) with a correlation of -0.95 and a slope of -0.030. However we again note that the annual means of sea ice extent for the last three years, in particular for 2007, fall below the regression line (green), indicating a temporary natural fluctuation (described in the Introduction) or that non-linear effects have started to act.
Expanding on the relationship
In order to explore the remainder of the variance not accounted for by CO 2 , we investigated the possible effect of natural variability forcing on the sea-ice extent described in the introduction. We investigated the effect of the predominant modes of atmospheric variability in the northern high latitudes, namely the NAO and AO, which are the modes most frequently invoked in studies distinguishing natural versus anthropogenically-forced sea-ice variability and trends (e.g., Serreze et al., 2007) , although the Pacific North American Pattern (PNA) plays an important role in warming southern Alaska and western Canada (Turner et al., 2007) . The NAO winter index has been shown to be imprinted regionally on sea-ice variability on seasonal to interannual time scales (Deser et al., 2000; Rigor et al., 2004) . However, in our analysis the annual NAO and AO indices are found to have insignificant power for predicting annual arctic sea-ice extent during the 1961-2007 period, where r varied between ±0.4 using the 30-year embedding window from 1961. Therefore, the variance in the annual sea-ice extent unexplained by CO 2 may be accounted for by a stochastic component and/or natural climate-system variability on longer time scales, e.g., multidecadal variability arising from the Atlantic Ocean such as that expressed as the Atlantic Multidecadal Oscillation (Kerr, 2005) , whose impact on sea ice is plausible but strong observational evidence is lacking.
It should also be mentioned that a similar relationship between CO 2 and ice extent does not yet exists for the Antarctica in contrast to the CO 2 driven decrease of the sea ice extent in the hindcast simulation for Antarctica for the last century (IPCC, 2007) . Actually the ice extent increases slightly with 0.47% per decade in the 1978-2006 period which is not statistically significant (IPCC, 2007) while the SAT exhibit a moderate increase south of 65°S, when compared to the enhanced increase north of 65°N (IPCC, 2007; Turner et al., 2007) including also a warming of the southern ocean (Gille, 2002) . This apparent paradox has been interpreted to be caused by a suppression of ocean convective overturning, leading to a decrease in the upward ocean heat transport to melt the ice (Zhang, 2007) , causing a delay of the global warming effect on the ice extent in Antarctica.
To summarize section 2, we find that external forcing from CO 2 dominates the annual sea-ice response, especially in recent decades, during which the curves for sea-ice extent and CO 2 mirror each other. In the four most recent decades, CO 2 is found to account for approximately 90% of the annual decreases in sea-ice extent (r ~ -0.95, r 2 ~ 0.90).
CO 2 -ice relationship applied for projecting sea ice
The linear form and slope of this relationship can be used to project annual sea-ice extent to 2050, using statistics based on a period of comparable length, i.e., the previous 47 years . We assume that this linear relationship is a reasonable and conservative first approximation, which however excludes possible non-linear effects in future. Here we compare our empirical projection with 15 IPCC AR4 models. We consider a range of two 21st-century CO 2 emission scenarios of the IPCC (2007) ) per unit CO 2 (ppmv) is -0.030 CO 2 . The sea-ice projection from our empirical relationship and those from 15 IPCC models for B1 and A2 are summarized in Fig. 2 . Note that the model ensemble mean from the IPCC models underestimates its recent downward trend from 1970.
For the B1 emission scenario, our projected annual sea-ice extent is expected to decline to ~8. decrease to ~7.0×10 6 km 2 , in comparison to the IPCC ensemble mean of ~11.7×10 6 km 2 , which is the same as the B1 scenario. For both scenarios, our projections for sea-ice extent in 2050 are several million km 2 lower than the IPCC ensemble mean. This possibility needs to be kept in mind when assessing the impact of future climate change and its associated risks.
The linear approximation developed and applied here is of course a simplistic first-order conservative approximation to a number of complex processes with different time scales. Nevertheless, this approach-similar to that used to project sea-level rise (Rahmstorf, 2007a )-may provide a pragmatic alternative to the spread range of complex numerical models that may substantially underestimate the sea-ice response to GHG forcing . Moreover, as years pass, this empirical relationship can be readily updated for projecting annual ice extent including more realistic future CO 2 scenarios, with minimal computer resources required. It is emphasized that this empirical method give no information of natural variability on interannual time scale.
There are however some caveats, in that these projections assume that the linear relationship between sea-ice extent and CO 2 identified here is robust and that other, non-linear factors do not influence the trajectories. Statistical projection or extrapolation (e.g., Comiso, 2002 ) is inherently uncertain, particularly when conditions may be rapidly changing as seems apparent for the arctic summer sea ice (e.g., Comiso et al., 2008; Stroeve et al., 2008) . For example, non-linearity in the sea-ice response to CO 2 forcing or natural variability is plausible, such that passing a critical "tipping point" for sea ice (Lindsay and Zhang, 2005 ) may lead to abrupt reductions without a commensurate change in external forcing (e.g., Holland et al., 2006) . As a case in point, the extreme record low minimum in sea-ice extent observed in September 2007 may represent crossing such a threshold towards a new state. On the other hand, it may well be merely a temporary excursion due to a conjunction of anomalous conditions (Kerr, 2007; Comiso et al., 2008; Stroeve et al., 2008) . By the end of July 2008 our calculation of the ice extent by using NORSEX algorithm (Svendsen et al., 1983) on the online passive microwave data 1 was 7.5 million km 2 -about 1 million km 2 higher than at the end of July 2007 2 . This probably indicates that the September 2008 will not be a new minimum ice extent year-only time will tell.
